A not uncommon occurrence in elderly people is the development of a 'macular hole' but very few psychophysical observations have been made in such cases. I describe here some distortions of image experienced when I view objects with my right eye which has a macular hole. Objects are distorted by being shrunk towards the fovea. Thus, a disc retains its shape but becomes smaller whereas lines are broken or bent. By analogy with animal experiments it is suggested that the perceptual changes are due to physiological changes in the visual cortex.
Introduction
In recent years there has been much interest in the receptive field properties of neurones which have been wholly or partly deafferented, under-or over-stimulated. In the visual system studies have centred around retinal lesions (Craik, 1966a,b; Eysel, Gonzalez-Aguilar & Mayer, 1980; Eysel, Gonzalez-Aguilar & Mayer, 1981; Gilbert, Hirsch & Wiesel, 1990; Kaas, Krubitzer, Chino, Langston, Polley & Blair, 1990; Heinen & Skavenski, 1991; Chino, Kaas, Smith, Langston & Cheng, 1992; Gilbert & Wiesel, 1992; Darian-Smith & Gilbert, 1994; Schmid, Calford & Rosa, 1994; Chino, Smith, Kaas, Sasaki & Cheng, 1995; Darian-Smith & Gilbert, 1995; Schmid, Rosa & Calford, 1995) , natural scotomas (optic disc: Fiorani, Rosa, Gattass & Rocha-Miranda, 1992) and artificial scotomas (Ramachandran & Gregory, 1991; Fiorani et al., 1992; Pettet & Gilbert, 1992; Spillmann & Kurtenbach, 1992; Ramachandran, Gregory & Aiken, 1993; Volchan & Gilbert, 1994; DeAngelis, Anzai, Ohzawa & Freeman, 1995; De Weerd, Gattass, Desimone & Ungerleider, 1995 ). These studies demonstrate that under-stimulation or deafferentation of a neurone in the visual cortex, especially if combined with stimulation of the region outside the classical receptive field, results in an apparent enlargement of the receptive field and a shrinkage when the receptive field is stimulated (but see DeAngelis et al., 1995) . In the case of artificial scotomas (under-stimulation) it has been shown that this results in a distorted perception of the position of objects projected on the retina near the scotoma (Kapadia, Gilbert & Westheimer, 1994) .
The cells in the primary visual cortex of cat or macaque monkey at first become photically insensitive when a lesion is placed in the corresponding part of the retina. After some time the cortical cells partly regain their sensitivity although now the receptive fields lie outside the lesion and are also enlarged. This results in an altered topography of the visual cortex (Gilbert, 1992a,b) and would presumably also result in an altered perception in a conscious animal.
Although foveal lesions are not uncommon in humans, for example as 'macular holes' resulting from vitreoretinal detachment mainly in elderly people, detailed psychophysical observations are not usually made. Patients have reduced visual acuity and experience 'metamorphopsia', a distortion in the perception of the visual field, usually tested by means of the Amsler Chart (similar to the Cartesian grid shown in Fig. 2 ). Two more detailed reports are those of Craik (1966a) and Gerrits and Timmerman (1969) . The study of Craik was not published during his lifetime, indeed was probably not intended for publication. The paper of Gerrits and Timmerman reports 'filling-in' of scotomas, three of which encroached on the fovea. The observations reported here confirm the report of Gerrits and Timmerman and most of Craik's observations and provide quantitative data relevant to recent ideas about the mechanisms responsible for the altered topography.
Experimental procedures and results
About 6-9 months before the observations reported here I sustained a vitreous detachment in my right eye, resulting in a macular hole, in my case a complete loss of neural elements. When I view a bright neutral background the detachment appears as a dark disc, about 8°d
iameter. Within this disc is a central region of different appearance, about 1.5°diameter, in which there is total blindness. The blindness is evident from the fact that any object subtending less than 1.5°viewed against a featureless background (Fig. 1Aa) is invisible (Fig.   1Ba ). There is no detachment or other lesion in the left eye.
When a Cartesian grid such as that in Fig. 2A is viewed with the right eye the appearance is as in Fig.  2B . In spite of the fact that the central 1.5°of the right retina is blind, this region now is partly filled with a pattern of lines drawn in from the surrounding grid. The distortion of the grid closely resembles the distortion depicted in a diagram presented by (Fig. 5 in Gilbert, 1992a Fig. 7 in Gilbert, 1992b) if one makes allowance for the size of the scotoma, its position on the retina and the separation of the lines of the grid. Gilbert's diagram was intended to represent the distorted topography in the primary visual cortex of a monkey 2 months after a laser lesion in the retina of one eye, as inferred from electrophysiological observations. I examined the distortion resulting from the lesion in my right eye with further tests.
These tests were conducted by looking at discs of various sizes on backgrounds of different colour or pattern and at lines and annuli displayed on a tangent screen or a computer monitor and comparing what was seen by the right eye with what was seen by the left (normal) eye. The centre of gaze of the right eye was assumed to be the same as that of the left eye which was opened and closed intermittently. The size of the scotoma was determined by looking at a black disc displayed on a computer monitor and increasing its size gradually: the largest disc which could become invisible, albeit transiently (visible at times because of eye movements), was taken as the size of the scotoma. Wherever necessary, the appearance of the object on the fovea of the right eye was matched by an object outside the lesioned area, the size of which could be adjusted to equal that of the distorted percept. There was no possibility of objective validation of the measurements but the observations were reproducible over several months and were repeated many times. More recently the 'blind' region has increased to about 1.7°.
A disc of diameter less than 1.5°assumes the colour and pattern (pattern usually distorted; see below) of the background, a process referred to as 'filling-in'. A thin line ( Fig. 1Ab ) appears as an interrupted line, the gap being less than 1.5°with fine tapering lines running in from either side (Fig. 1Bb) . The distortion is not quite symmetrical, indicating that either the lesion is not quite symmetrical about the fovea or, more probably, the asymmetry occurs in the brain. If thicker lines are viewed the intrusion of the lines becomes greater (Fig.  1Ac , Bc) until they meet in the centre for a line of thickness about 0.5° (Fig. 1Ad , Bd). Lines thicker than 0.5°exhibit no gap but the intruding lines always taper.
If the gaze is directed above a line the line is deflected upwards from a base of about 1.5°or less. If the gaze is just above the line the deflection is slight and a gap remains in the line (Fig. 3Aa , Ba). As the gaze moves upwards the deflection becomes greater and the gap disappears (Fig. 3Ab, Bb) . As in Fig. 1 , the distortion is not quite symmetrical. The peak deflection occurs when the gaze is about 0.9°above the line (Fig. 3Ac, Bc) . Further upward movement of the gaze results in a decrease in the deflection of the line which now becomes smoother and more symmetrical (Fig. 3Ad, Bd) . When the gaze is about 2.0°above the line there is no deflection.
If the gaze is directed below the line there is a similar series of deflections but the asymmetry is now reversed; compare Fig. 3Bc with Fig. 3Be . Deflections of similar magnitude occur if the orientation of the line is varied. If the line is rotated about a central point and if the gaze is directed between this point and the line, the deflections are the same as the deflections in Fig. 3Ba d rotated to the same degree as the line. If a disc of less than 4°in diameter is viewed with both eyes open and the eyes are allowed to diverge or converge so as to produce a diplopia the difference in size of the two images is readily seen. Fig. 4 illustrates the distortions in another way. I looked at annuli having an internal diameter of 1.5°(i.e the diameter of the scotoma) and varying external diameters. When the annulus is very thin it appears as a small circle of about 0.6°in diameter with a hole in the centre (Fig. 4Aa, Ba) . As the thickness of the annulus increases, the deflection invades more of the central region until, at an external diameter of about 2.2°, the central hole is obliterated (Fig. 4Ac, Bc) . Meanwhile, as the thickness of the annulus increases so does the size of the circle (Fig. 4Ab -d, Bb -d) . When the external diameter reaches about 2.8°the annulus appears as a solid circle of about 1.5°in diameter, i.e. the size of the scotoma (Fig. 4Ad, Bd) . When the external diameter reaches 4.0°the perimeter is at a distance from the centre at which distortions cease (see above, Fig. 3 ). Hence, at or above this diameter a solid object appears undistorted.
Discussion
These observations are in general agreement with those of Craik (1966a) . Craik produced a foveal scotoma of about 1°diameter by looking directly at the sun with his right eye for 2 min. After a wait of 6 h or more he noted: (1) there was a 'filling-in' of the scotoma with the colour and pattern of the background; (2) there was blindness to objects of size 20 min; (3) thin wires appeared to be broken but thicker wires were not, although they had reduced thickness and less precise edges; (4) a black annulus just larger than the scotoma appeared as a disc. Craik also states that a month after the lesion over a distance of 2°there is ''distortion of the image of objects…identical in appearance with the barrel distortion found in images cast by lenses showing spherical aberration''. This appears to be the opposite of my findings and of his own observation in (4) above. An explanation may be that during the course of a month Craik found that the fixation point of the eye adjusted itself to an undamaged part of the retina just below the scotoma. This has not happened in my case, possibly because there is a relatively large region of retina around the scotoma, about 8°in diameter, of reduced acuity because of the vitreous detachment. A 'filling-in' process in scotomas has previously been noted in humans (Gerrits & Timmerman, 1969) .
When a lesion is placed in the retina of a cat or monkey the cells in the corresponding region of the primary visual cortex lose their normal input and do not respond to photic stimulation; however, the receptive fields of the cells bordering the deafferented region immediately become enlarged (Gilbert & Wiesel, 1992) . A similar enlargement of receptive fields occurs if an artificial scotoma is established in the retina (Pettet & Gilbert, 1992 ; but see DeAngelis et al., 1995) . The artificial scotoma is produced by masking a region of the retina while stimulating the surround region. In this case the enlarged receptive fields are those of cells lying within the region of cortex receiving its primary input from the scotoma, not the cells bordering this region. However, it is likely that the cells bordering a lesion are partly deafferented and therefore are under-stimulated. The principle seems to hold that stimulation causes a shrinkage of the receptive field while lack of stimulation causes an expansion. Kapadia and colleagues (1994) demonstrated in humans that an artificial scotoma caused an error in the perceived position of a short line, the line appearing to be shifted towards the centre of the scotoma. Their explanation of this phenomenon assumes an enlargement of the receptive fields of the cells receiving input from the scotomatous region of retina. They suppose that the position of an object is indicated by the vector sum of the individual positions signalled by all the cells stimulated by the object. An increase in receptive field size for cells within the scotoma means that an object may now stimulate such cells whereas previously it didn't. Thus, the perceived position of the object moves towards the scotoma. The paper of Kapadia and colleagues (1994) should be consulted for a more detailed explanation. If, as suggested by DeAngelis and colleagues (1995) , there is no enlargement of the receptive field but simply an increased discharge in the cells lying within the scotomatous region, this would be expected to have the same effect, an apparent shift in the position of the object.
The situation is a little different after some time has elapsed from the initial lesion. The cells lying within the deafferented region of the visual cortex again become sensitive to photic stimuli. The exact time course of this change is a matter of dispute. However, in the cat or monkey it is well established at 2 months (Gilbert & Wiesel, 1992) . In my case, the observations reported here were made more than 2 months after the initial lesion. Craik (1966a) evidently believed that the changes in perception he experienced were dependent on rearrangements in the retina. This also seems to be the general opinion of ophthalmologists regarding macular holes. However, it is now well established that the changes in the cortex are too large to be explained by changes in the retina or thalamus (Eysel et al., 1980 (Eysel et al., , 1981 Darian-Smith & Gilbert, 1994 or by increased arborization of the geniculate terminals in the cortex (Darian-Smith & Gilbert, 1995) . It has been suggested (Gilbert & Wiesel, 1992 ) that the cortical re-organization is mediated via long-range horizontal connections (Gilbert & Wiesel, 1979; Rockland & Lund, 1982; Gilbert & Wiesel, 1983; Rockland & Lund, 1983; Martin & Whitteridge, 1984) These connections are the axon collaterals of pyramidal cells and in the striate cortex of the cat they extend horizontally up to 8 mm (Gilbert et al., 1990) . In the monkey, a retinal lesion about 5°from the fovea results in a shift of cortical receptive field of about 6° (Gilbert & Wiesel, 1992) . In humans, a distance of 10 mm near the fovea would be equivalent to about 1°and at 5°eccentricity to about 5° (Virsu & Hari, 1996) . The axon collaterals could, therefore, be a plausible substrate for the shift in receptive fields.
In my observations ( Fig. 1 ) a thick line penetrates to the centre of the scotoma, a distance of 0.75°. In Fig. 2 lines are distorted as far as 1.5°from the centre of a lesion of 1.5°in diameter, i.e. a distance of at least 0.75°f rom the edge of the lesion. In Fig. 3 a line is deflected by as much as 0.8° (Fig. 3Bb) . In Fig. 4 the outer edge of the annulus shrinks by about 0.65°. These observations likewise support the idea that the shift could be due to the horizontal connections.
It is surprising, however, that I do not see the object, e.g. the line or the annulus, in both its normal position and in its shifted position. This anomaly may be explained by the same mechanism proposed by Kapadia and colleagues (1994) for short-term plasticity, i.e. that a single position is determined by the weighted discharge from all the cells stimulated by the object (see above). If this is so, then to account for the large deflection of the line (\0.8°: see Fig. 3Ac , Bc) either some cells within the deafferented cortex are firing at very high rates or many such cells are discharging (at moderate rates); the latter seems more probable.
An alternative explanation is suggested by the observation of Clarke and colleagues (Clarke, Regli, Janzer, Assal & de Tribolet, 1996) that in patients in whom mandibular and maxillary parts of one trigeminal ganglion were removed, in some cases touching the hand or forehead resulted in the sensation appearing to come uniquely from the cheek, that is, not from hand or forehead. It is as though the deafferentation not only attracts a new input but also inhibits the influence of that input on its normal target.
My observations also demonstrate that the extent of the movement towards the scotoma is dependent on the extent of the tangential stimulation. Thus, a thin line perpendicular to the boundary of the scotoma (Fig.  1Ab, Bb) penetrates the scotoma only slightly and tapers rapidly. As the thickness of the line increases the penetration is deeper until eventually (line thickness 0.5°) the centre of the scotoma is reached. An annulus, even if only 0.02°thick, penetrates well (Fig. 4Aa, Ba) . Presumably there are cortical cells within the deafferented region that require adequate summation of input to discharge and these inputs are distributed radially.
There is another explanation for my observations. A widely accepted hypothesis to account for the formation of macular holes is that there is initially a contraction of the vitreous overlying the fovea which draws the foveal retina away from the retinal pigment epithelium (RPE): further traction then causes a centrifugal movement of the foveal retina, resulting in a 'hole' (Gass, 1997) . If no foveal elements were lost and all remained functional, the foveal visual cortex would not be deafferented and no changes would occur there. In this case, there would be a central scotoma (light cannot be seen if there are no photoreceptors to act on) but light acting on the displaced foveal retina, which now forms a ring, would be seen as a disc, because this stimulus activates the foveal cortex. There would be a 'filling-in' of the scotomatous region and the explanation would lie entirely in the retina. In order to explain the metamorphopsia experienced by most patients it would be necessary to suppose that the centrifugal movement of foveal retina also caused a distortion of adjacent retina. However, published records (e.g. Reese, Jones & Cooper, 1970) seem to indicate that the foveal retina moves anteriorly as well as (or, perhaps, instead of) laterally. There seems little doubt that many of the displaced foveal neurons survive because macular holes can disappear, either spontaneously or as a result of vitrectomy, with restoration of normal or near-normal visual acuity. Nevertheless, I suggest that most of these neurons are not functional, either because of their separation from the RPE or for other reasons, and they become functional only when they resume a proper relationship with the RPE and other elements in the foveal region. If this is so, then the distortions are occurring not in the retina but elsewhere, probably in the cortex. Further work will be needed to confirm this point.
I am not able to detect any distortions of image when using only the normal (left) eye. This seems to be in conflict with the report of Volchan and Gilbert (1994) who found enlargements of receptive fields in neurons in the primary visual cortex of the cat, not only when these were activated via the eye experiencing an artificial scotoma but also when activated via the unconditioned eye. These changes were similar in the two eyes. This would be expected to produce image distortions in both eyes (Kapadia et al., 1994) . However, with monocular experimental lesions there is a marked difference in receptive field size between the two eyes (Schmid et al., 1994 (Schmid et al., , 1995 . Hence there may be a fundamental difference between artificial scotomas and real scotomas.
In experiments involving retinal lesions it has been the practice to make lesions in corresponding positions in the two eyes (e.g. Gilbert & Wiesel, 1992; Chino et al., 1995) or, if the lesions were made in only one eye, the other (normal) eye was inactivated (Kaas et al., 1990) . Kaas and colleagues (1990) reported that a lesion in only one eye of a cat produced no notable change in visuotopic organization of the striate cortex of the cat. However, this result has been disputed (Schmid et al., 1994 (Schmid et al., , 1995 . Furthermore, experiments using artificial scotomas disclosed enlargements of receptive fields of visual cortical cells of the cat when only one eye was subject to the conditioning (Pettet & Gilbert, 1992; Volchan & Gilbert, 1994) . My observations also indicate that a monocular lesion can produce strong distortions of the visual field (see also Craik, 1966a) .
